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ABSTRACT

Part C presents a theoretical investigation of high-
performance ship-~stabilization systems, principally systems

using U-tube tanks. Starting from the results of Part A,

and using standard servo methods, we proceed to find systems
with greater and greater effectiveness (for a given capacity).
It appears that tank systems using inertia effects, may be
as rapld in response as any other known stabilization systems.
The results indicate that as long as the system's capacity
is not exceeded, it should be possible to achieve greater
than 90% stabilization. The three factors in ship stabiliza-
tion: regulated elementsj regulating elementss and the input,
are discussed in turn, using appropriate servo methods and
concepts,

This part of the report provides considerable grounds
for believing that high-performance stabilization systems using
tanks (and presumably other devices) can be achieved. It shows
rational techniques by which such stabilization systems may be
designed, and indirectly it emphasizes the inherent difficulties

in design procedures which do not utilize servo techniques,
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I. INTRODUCTION

K
-

This is the third part of a four=part report, presenting
the results of ship-stabilization research undertaken at
Stanford University under the auspices of the Office of Naval
Kesearch and the 0ffice of Air Research. Each of these parts
treats a more or less distinet step in the research process,
according to the following scheme:

THE ANTI-ROLL STABILIZATION OF SHIPS
BY MEANS OF ACTIVATED TANKS
Part A =-- Formulation of Problem and Basic Theory
Part B == Verification of Basic Theory by Model System Tests

Part C -- Synthesis of High-Performance Systems

Part D -- Preliminary Considerations in the Design of
Full-Scale Installations

The development of a linearized theory has been shown
in Part A, and the evaluation of this theory shown in Part B.
Part C 1s concerned with the design of high-performance ship-~

stabilization systems. The function of Part C, as the function
of the whole research, is twofold, In the first place, it B
represents an attempt to find what the possibilities of sta- uﬂ
billization using tanks may be, and how these possibilities

!
q

]

may be achieved. It is also intended to demonstrate a general 'Y
T

approach to the design of any ship-stabilization systems: namely

the general approach of modern servo theory., ’ﬂ
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In this problem, as in any other synthesis problem, there
is no "absolutely pcrfecti®™ solution. Nevertheless, the work -
that is recorded in this part of the report can be considered

a search for, and an approach to, a system with optimum per-

at bl

formance, As before, the methods and nomenclature used are

rather similar to those of Brown and Campbell in Principles of

Servomechanisms (New York: Wiley, 19‘+8),l the principal empha-

sis being on the frequency-response approach and adjustment of
the loop-transfer locus on the complex plane.

This is a mathematical, paper study, the results of which

J
-
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1
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cannot be verified by the very non-optimum experimental appar-

atus available at Stanford. Attention has been confined to

fﬁ* fundamental questions, which provide plenty of subject matter
ELl in any event, and do not require an untoward extrapolation of
f?ﬁ the basic theory. As this is a mathematical study, only a

FOA moderate amount of attention is given to the limits (i.e., the
capacities) of the lesser elements of the system. Only those
physical limitations which are of first magnitude importance

are discussed here. The question of 1limits is taken up in
detail in the fourth part of this report, Part D,
Before the problem can be attacked profitably it must be

condensed to its simplest and most basic form, This 1s done

1 Oppelt, Stetige Regelvorginge, and James, Theory of Servo-
mechanisms, are also followed to some extené.
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in Chapter II. As in the preceding parts of the report, we
distinguish three factors: (1) regulated elementss (2) regula-
ting elements; and (3) the input. These factors are considered
in Chapters 111, IV, V, respectively. In Chapters III and IV,
a series of fundamcntal questions in ship-tank design and in
control design are studied quantitatively, using the frequency-
response approach. In Chapter V, the use of waveslope informa=-
tion is discussed in a brief and general way and related to the

statistical RMS~error approach to servo design.
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II. STATEMENT AND CONDENSATION OF THE PROBLEM

A. Basic Theory From Part A =

We might best begin by bringing forward the theory devel- iﬂ
oped in Part¢ Aj i.e. the servo analogy, the servo equations,

the differential equations of motion, and the system block

1
transfer-responses, B and C. Recall from Part A that the ]

stabilized ship 1s analogous to the following motion servo-

mechanism:

waveslope ®

¥

/\{}T'_’—'g e

<) oK = pump=-blade angle

ship's roll angle

out B

Figure 1, S8tabilized 8hip as a Servomechanism

A number of servo equations may be derived from Figure 1, .
First, when the coutrols are operating, one obtains the actively

stabilized response, which Jn our case might be called the

Minorsky-stabilized respouse: ;;

e
i m x 8y " g,(lgzgji) = (Frahm stab,) x (Feedback stab,)
Second, if the control loop should now be opened so that A =

zZero, one has what in our case may very properly be called the

Frahm-stabilized re:ponses




= (Frahm stab.) g

A third response may be defined as a standard reference, namely
the response with the control loop open and the tank duct ;
blocked., This is obviously the unstabilized respoinse:

9 - ein =C = unstabilized response
vy 7

blocked duct
In physical terms, one obtains the standard unstabilized

response (as used hereafter) when the tank ducts of the ship
are solidly blockedj the Frahm-stabilized response when the

control loop is open, the pump motors are turning, but the

tank ducts are not blockedjy and the Minorsky-stabilized response

when the pump motors are turning and the control loop is closed.

3
3
3
Y
1
]
1

Interestingly, the Minorsky (or overall) stabilized response is
seen to be the product of the Frahm=-stabilized response and the
standard feedback factor for an elementary servo loop.
As we are interested only in general results, we need
. only the non-dimensional equations of motion. From Part A,
F!E these are (in operator notation):

: 8hip: [P2+ g; +1] o +-A n_s) + 1] ? A

}
R

i ° :
v Tank: Al (I-{Lt) +1] 0+ xt[(?%;) * (-?E;) 51; e
S
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Where,
.th = — = relative resonant frequency of tanks
S
D3t
Slst S == relative frequency of secondary resonance
s
®gJs
Qg = —§— = normalized ship damping factor
s
©¢I¢
Qt =5 - normalized tank damping factor
“t

= relative tank strength parameter

N
o £

>
o o

relative wave strength parameter

= relative pump strength parameter

o
m
[« TN [= "

]
"
epd
?'19-

3 ? = tank water angie

e
Remembering that, B = -g%ﬁ and C = —%? s 1t quickly follows

from the above that,

Ay [51] A g [ TANK]

< d
[8HIP][TANK]- A\ [S7]° §and &

SHIP-TANK TRANSFER RESPONSES

vhere by definition,

i [SHIP][TANK] -/\,‘;[sﬁ2

2 For a more complete definition of these equations and
parameters, see Part A of this rcport,
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[s7] = ()" + 1]
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The exact definition of the control block transfer-response, A, ]

is left open for the moment; it will have the general form of a }f

gain constant, K, times some furnction of P. Ei

P71

B, Four Critical Ship-Tank Parameters Jg

]

In the paragraphs above, B and C are written in terms of ﬁj

L 2|

seven non-dimensional parameters. This is less than the origi- ‘
nal nine dimensional parameters, but still would seem to repre-

sent an almost prohibitively complex parameter space., Fortu-

nately, only four of these seven parameters are essential to

the mathematical treatment of stabilization. Because the

damping of the ship 1s small, it has a negligible effect on

the stabilized performance and may be disregarded (assume Qs =

infinity). Because it 1s exterior to the whole system and

simply defines the effective strength of waves,‘k may be

ss
specified equal to unity. Because it acts in series with the

control system, A, and may be combined with the control gain

constant, K, J\p may also be specified equal to unity. Note

that these last two steps do not represent approximations,

but actually have no essential effect on the linearized mathe-

matics of performance.




This reduces our parameter space to a space of four dimen-
sions, Mathematically, these parameters are "free variables",
but actually there are considerations of practicality entirely
apart from :he mathematics which limit the ranges of some of g
them, There are also economic reasons for making certain
parameters as large or as small as possible, etc., These criti-
cal parameters are discussed one by one, below.

Relative tank strength parameter,/xt: For a given motion

of the fluid in the tanks, the tcrque on the ship is directly
proportional to ’Xt' For a given shape of the tanks and ducts,
the per cent weight of water on the ship 1s also directly pro-

portional to,A Because the static stabllity of the ship 1s

t.
(1 -ukt), 'Xt cannot be allowed to exceed unity, and for safety's

sake should not exceed say about 0.50, One of the objects of
this study 1s to find the smallest /\t, and hence the least
weight of fluid, compatible with the desired stabilizatlon.

Relative resonant frequency of tanks, Ilt: As the ship
is a highly resonant system, it is clear that Jﬂt must be
reasonably close to unity if the tanks are to operate in the
conventional manner. It is known that for best Frahm stabili-
zation,ﬂt should be equal to unity. For operation in the
usual manner, it probably should not range outside the limits,

1l + 0.30.




Relative frequency of secondary resonance,fl.,: This 1s

the relative frequency where the torque exerted by the tanks
becomes zero and reverses, For this reason Ilst must be above
unity, say at least 1.5 or greater. It is possible for.ﬂ.st
to be infinite or imaginary, but this involves raising the
tanks in the ship and has definite practical limitations, The
higher the tanks are placed in the ship, the higher the fre-
quency of secondary resonance, but it will probably not be
possible to go much beyond L1 , = 3.0,

Normalized tank damping factor, Qt: This parameter has

the greatest free range of all the parameters. It appears
possible to design systems with Qt ranging from about 3.0 to
0.1, which includes the whole range of mathematical interest.
We also are not aware of any a priori mathematical arguments

sufficiently powerful to narrow this range. It therefore seems

desirable to begin our study by narrowing the range of practical

or desirable Qt’ which may be done by studying performance as a

function of this parametere.

Ce Various Possibilities in Ship-Tank and Control Design

The following two chapters consist principally of a series

of studies of interesting special systems, each of which 1llus-

trates some fundamental question in the problem of stabiliza-
tion by tanks. Chapter III deals principally with ship-~tank
possibilities, and Chapter IV principally with control possi-

bilities,

o, -,
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Figure 3. Open-loop transfer functions B and C for
the ideal Frahm-damping case.
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Ship-Tank Possibilitiess: We are considering ships with

one or more sets of U=tube tanks on board. If all the tanks on
a given ship have the same parameters, and 1f all their pump-
blade angles move together, the system may be treated as a

single tank system. For a single tank system the totality of

......

ship-tank possibilities is the set of all systems with all
practical combinations of the four parameters. That is, the
set of systems occupying all those points of the four-parameter
space which may be realized in practice. It would be undesir-
able as well as impossible to study every point of this space.
It 1s perhaps more profitable to approach the problem with a
topological viewpoint, to try to determine what regions,
points, parameters, etc., are most critical to performance,

and then to concentrate on these.

It is possible to imagine systems in which there are a
number of U-tube tanks with different parameters, and such
systems appear to offer opportunity for further performance
improvement. Certain very fundamental questions in the theory
of stabilization by tanks may be illustrated using such diver-

sified tank systems, as the reader will find in succeeding

sectionse.

Control Possibilities: The Minorsky system of "activated

tank®" stabilization uses an accelerometer to provide the basic
signal which controls the pump-blade angle. While accelera-
tion should indeed be the principal signal controlling the

-10 -

............




:ff blade angle, it alone cannot provide a stabilizing action at

-, e
Atk L.‘L'Aih e e

Eﬁ! zero frequency. One is naturaily led to study the use of sub-
sldiary signals proportional to velocity and position, These

signals, which in a sense are integrals of acceleration, would

¢ .-
A

]
P
[ A o W

be used to improve the low-frequency response. The high-
frequency response may possibly be improved by certain tank
arrangements involving the rational use of secondary resonance, =
and may be further improved by the use of "lead circuits", B
et al. Finally there is a very interesting possibility in the ;ﬁ
use of 'feedahead",3 in addition to the conventional "feedback" .

rF) v
P

PR

3 See for example, R. E. Graham, "Linear Servo Theory", BSTJ,
October 1946, who calls this type of control, feed-forward.
"Feedahead" was also mentioned in Part A (Chapter V, Section A).
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I1I. FREQUENCY-RESPONSE APPROACH TO SHIP-TANK DESIGN

This chapter is concerned with the design of high-per-

formance regulated elements., We shall systematically study

the effects of varying the four critical parameters of the

single tank system, and also study the possibilities of varicus

diversified tank systems. To divide the difficulties, the con-

trol transfer-response will be held standard while we delibar-
ately vary the ship-tank transfer-responses. For this chapter
assume the control system to be an ideal accelerometer in
series with an ideal amplifier, so that the pump-blade angle is
at all times proportional to the roll acceleration of the shipe.
From this one derives the following definition for A,

e ok e
_—)A > = . IQ

2

Control Block

Figure 2, Control Block Transfer-Response

A, Outline of Method

General: The method used here is essentially identical

to that given in Brown and Campbell, Chapters 7 and 8., Having

assumed a set of ship-tank parameters, we can calculate B and
C as functions of P. We can also calculate the total transfer~

response around the closed loop, or loop-transfer character-

isticy, K G. By definition,

TR T
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e
{ )
o
ok
NN AxB
:‘_:::-l KG=AXxB and G z =g
L,
'&fi For the control response assumed in this chapter,
o
B _AXB _42
00 §=% =F xB
)
e Now all that remains 1is to find the best value for the control
AT
gﬁi' gain factor, K, for each case., Thils 1s done graphically with
3y
"~y the aid of a Nyquist plot of G (i.e. the locus of G as a func-
A .
T tion of frequency on the complex plane). To determine this
233 locus P may be defined as complex frequencygs where for real

: frequency, P = JQL = § &,
ks, wS

ﬁ;i Generally, for effective stabilization, K must be as large
ggs as possible short of the point where transients bpegin to per-

{ sist in the system due to excessive gain., As this point is

f' rather critical, K is fixed to all intents and purposes by the
v

original choice of parameters and need not be considered a
free variable in the problem., In 21l the examples of this

chapter, T will be chosen in accordance with the criterion,

M= magnif‘cafion ratio = 1.3, The magnification ratio is a
measure i’ the peaking up cf the response of the stabilized
system in the vicinity of the most critical frequency, and

hence a neasure of the damping of the system's most critical

normal mode.h
Eid L
joo For a more detailed explanation of this process see Brown
- and Campbell, Principles of Servomechanisms, Chapter 6.
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List of Steps: The standard procedure used in all cases

Ry AR

1s as follows:

1. Select the desired ship-tank parameters.
e o

2. Calculate the two transfer functions, C = -%? g and B = —g%; o ;
Note that the phase of C is immaterial, as C 1s external to the )
closed loop and the phases of incoming waves of different fre- i
quencies are essentially incoherent. :
-d

3. Calculate the loop-transfer characteristic, G = P2x B. ﬁ
4, Plot G on a Nyquist diagram, and then find the best value f
for K by the criterion M = 1.3. i
5. Calculate g—— = feedback stabilization = 1+k B = 12 o E
in == 14KP'B N

~

6. Caleulate & = overall stabilization = -8 & = ¢ (xi—) 3
° y " o, "¢ :

7. Compare the unstabilized, Frahm-stabilized, and Minorsky-

response of the ship to waves of various frequencies,

8. Compare these responses to those obtained for other values

of the ship-tank parameters.,

Presentation of Figures: In order to keep the number of

figures from getting out of hand, we shall show this whole pro-

cess through once, and afterward include only those curves
which directly i1llustrate a point of interest. Most of the
curves presented are either plots of stabilized response versus
frequency or Nyquist diagrams of the loop-transfer locus, G.

On all figures showing stabilization versus frequency, the

unstabilized response 1s plotted as a reference,

)
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B. Best Parameter Values for Single Tank System

]!! In the preliminary work we found that the mathematically

- 0l Or R

fﬁj important characteristics of a single tank system could be

expressed in terms of four parameters: Qt"At"flt"fLst‘

Lol

Let us now attempt to determine the effect of each of these

...'a.
PRSPy o

parameters on system performance, and by this means gain a

rational and complete understanding of the single tank system.

Best Value of Qi: As we know least about the effect cf Q,,

it i1s studied first. With the other parameters at reasonable
values, a series of values for Qt may be investigated. Because

the Frahm-stabilized response is a factor in the overall (Min-

orsky=-stabilized) response, 1t is plausible to suppose that

optimum Minorsky-stabilized response might be associated with

optimum Frahm response. This leads us to begin with the value
of Qt which gives the best Frahm stabilization in the sense of
Ten Hartog, Q; = 1.63.° We arbitrarily set Ilt = l.O,flst =
infinity and >\t = 0,25, The results of the step-by-step
prcocess described in the preceding section are shown in Fig-

'
.4
..J
:'j:
I3
-
.:‘
B
-1

ures 3, 4, 5, 6, and 7.

Surprisingly, the overall stabilization in this case is

seen to be very poor. As the experimental system shows better

. YT
2] '-. ‘f ORI
a > %o 95 °g et

e -4 ORI R
-, e et
POy W S I Y N

® Assuming the value of A , = 0.25, the "best" values for Q,
B and .th may be found by a metho& exactly analogous to

e that used by Den Hartog, Mechanical Vibrations (2nd Ed.),
o (New York: McGraw-Hill, 194%0) pp. 115-29,
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stabilization than this and has lower Q;, we next choose a
series of decreasing values for Q,, with the results shown in
Figures 8 and 9. It is clear that, under the specified condi-
tions, the excellence of stabilization increases monotonically
with decreasing Qt' There is a practical 1imit to this process,
however, in that the actual realization of Qt's less than 0.l
would probably be quite difficult, and would also lead to condi-
tions more complex than those described by the theory we are
presently using. The process has been stopped at Qt = 0.2+ but
the tendency 1s clear,

Least Possible Value of;\t: As ‘kt is proportional to the

per cent welght of water on the ship, it is advantageous from

an economic point of view to make it as small as possible. In
practice, the reduction cf ;\t will be limited by the fact thot
reducing it tends to reduce the maximum capacity of the system.

We wish to investigate here, hovever, whether or nowv the reluc-

that the capacity of the system (however lar‘ge or small, 1is

never exceeded. The Tesults of such a reduction are shown in

Figures 10 and 1l. It appears that the value of /At (in itseif)
has very 1ittle effect upor the excellence of stabilization, ard
if anything the stabilization improves slightly with decreasing

;\'t' Because a smaller value of this parameter means that the

water must travel further to counteract a given waveslope, it

will probably not be possible tc design U-tube type tank
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systems with A‘t less than 001006

Best Value ole-t: It can be shown that for optimum

Frahm-stabilization, £, = 1.0, Figures 12 and 13 show the

effects of slightly larger and slightly smaller values of.fL%

on the loop=transfer locus and on Minorsky-stabiliz-1 perfor-

mance. It is apparent that as.rlt is decreased, the low-
frequency response becomes better, the high-frequency response
becomes poorer, and vice versa as it is increased., As it is
easier to improve the low-frequency stabilization by special
controls than it is to improve the high-frequency stabilization,
a value ofj\.t in the neighborhood of 1.30 is probably pretty
close to optimum. However, if it is intended to use the tanks

in some cases as simple Frahm dampers,_‘f).t should be left at 1.0,

Best Value of.flst: This is in some ways, ane of the mos¢

important and interesting of the tank parameters, as has been

mentioned before. At the point where.fl==17§t, a single tank

system will produce no net stabilizing torque, nc matter how
great the motion of water in the tanks. It is therefore desir~
able to have.f).st as high as possible in a single tank system.
Again there is a practical limitation. It will undoubtedly be
difficult to achieve.flst's much higher than 3.0 in practice.
This represents a serious limitation on the utility of the

single tank system (of the U-tube type). Certain ways to

6 For the USS Hamilton,installation designed by Minorsky, our
calculations show that )‘t z 0,25,
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Figure 12, Nyquist diearams - Change of G locus with increasing
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circumvent this difficulty will be discussed in the follcewing

TN WL, L
| oAy e
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sections, The effect of £, = 2,0 is shown in Figures 14, 15, '3

and 16, Note that at (1= :Lst the phase of the stabilization

action goes through zero and reverses.

C. Diversified Tank Systems

Diversification of the regulated elements is a feature c¢f
many high-performance servo systems., It is not, of course. an
end in itself. One has the right to expect rather marked
improvement in performance as justification for the added com=-
plexity. In general, one must begin with a concrete idea of
what 1s to be accomplished by the diversification. Two

diversified tank systems, corresponding to two such specific

ideas, appeared beforehand to offer promise and are discussed
below. They are: (L) two equal-sized but "stagger-tuned”,
tanksy and (2) a single tank. with a small "helping" tank to
£i111 in the secondary resonance null,

Stagger-Tuned Tanks: The modus operandi of "stagger-

tuned" tanks 1s quite simple, Instead of a single U=-tube

tank, tuned approximately to the ship's natural frequency.

we could use two U-tube tanks of equal size, one tuned slightly
above and one tuned slightly below the natur:l frequency ot the
ship. The hope here is that the "broad-banding" produced by

this arrangement will materially improve the loop=-transfer

characteristic, and hence the stabilized jperformance, Actually.

this posslbility was conceived before it was known that the
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G - plane

Action is now, in the
Stabilizing sense, at

hi@ﬁ\irequency.

Figure 14. Nyquist Diagram - Exaggerated effect of secondary

resonance on the Nyquist diagram.
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Figure 15. Actual effect of secondary resonance,jls. = 2.0.
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best single tank system would have a very low value of Qt’ With

such a low Qt in the single tank system, the further "broad-band-

ing" produced by "stagger-tuning"” does not have a significant

effect, as can be seen from the stabilization curves in Fig-

ure 17.

Single Tank with Small Helping Tank: In some servomech-

anisms, the principal regulated element has a weak spot in its

frequency response which may be eliminated or reduced by the

addition of a small subsidiary device which "™helps" in this

critical region.7 Most commonly, the small device by virtue

of its lightness, is used to extend the high=frequency response

of the system. Such a high-frequency helping device would be

useful in conjunction with a single tank system for which.ﬁ.st

was infinite or imaginary, because such a system could not by

itself produce appreciable stabllization beyond about 2.5 times

the natural frequency of the ship. This case is not especially
interesting, as it does not appear practical to build such

single tank systems.

In practical single tank systems,.ﬂ.st will almost cer-

tainly be positive. For such a system, kinetic reaction

actually provides stabllization in the high=-frequency range

above secondary resonance (see Figure 14), so that no further

( For a good discussion of helping devices as a logica}
}ig element in servo systems, see Oppelt, Stetige Regelvorgange,
- Chapter III, Sections D and E.
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help is needed at the extreme high frequencies. Help is def-
initely needed, however, to fill in the secondary resonance

null which makes a positive Ilst disadvantageous to a single

PN NN
. [ { 2
B A

tank system. We will find that when this null is eliminated

by means of a helping tank, the result is a system whose high-
frequency performance is markedly superior to that of any
possible single tank system.

Mathematics of Double Tanks: In the simple example

worked out here, the pump-blade angles of both tanks are
positioned by an acceleration signal, but with different
contrnl gains, This results in the following block dilagram:

in = %out

0(1 eout1

ks B,

e =98 6

out

<+
outl out2

BLOCK DIAGRAM FOR DOUBLE TANKS
From this block dlagram the loop-transfer characteristic is,

KG=KP® (B +kB) =K (G + kyGp)
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The transfer-responses B;, By, and C may be found as before

from the differential equations of motion., Using an abbrev=-

l. . 'l..l. 'n' "‘ ‘Y N

“1‘ & .' l. '. l. 1- '. L]
. a_ L

bo A ,."." -’. ...‘1.‘ :.' '.'

Con on g
A
P

iated notation strictly analogous to that defined for the

single tank system,8 these equations of motion are,

% g o
M
'l

e D
LA e s
L ] P I
4 P
. L v ] L s 1
oot e e e
. D ] .
.

Ship [sHIP]® +)\t1 (sT, ]9, + )‘ta [sT5l¢, = Ase Y

SRS

o N L

.l 'I'{."’/ “

Tank 13 Atl[srl]e +At1 [TANK, 19, =)\plo<1

Tank 23 >‘t2[ST2]e +)t2 [TANK2]¢2=APZO<2

By Cramer's Rule it follows that,

®out, /\pl [sT,]
B == —TTARKT]

T N

By = 5" TERE;T
2 [sHIP][TANK,] - >\t2[ST2]2 -)xtlrﬁn”f% [sr1]2

/\ss [TANKI:l

-
-

g:

e
in
v TANK, ]

And using our standard procedure, we define /Ass=,% =‘% =
P P2

Results for Single Tank with Helping Tank: The Nyquist

diagrams for G, and G, are shown in Figure 18, Notice that

8 See Chapter II, Section A of this part,
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éﬁ the helping tank has a higher Qt’ giving it a bandpass action
;i- s> that it is effective principally in the vicinity of the fre-
igg quency of secondary resonance, Paradoxically, the locus for
Eﬁ; the helping tank appears larger than the locus for the princi-

pal tank, This is due to the assumption above (,XPZ = 1),
and things are restored to their proper proportion by the choice
of k2 = 0,2, Figure 19 shows the gl locus (pacsing through the
origin at secondary resonance), and then the effect of adding
the helping tank action. Notice that the effect of the helping
tank is to fill in the null and shift the whole high-frequency
end of the locus into the right hand plane. This is an ideal
form for the locus. It means that so long as the controls can
shift the pump~blade angle without lag (i.e. remain ideal), the
system will stabilize! The reason for this is that we are no
longer using only the displacement of the water to produce
counter~torques. Above secondary resonance the stabilizing
torques are derived from the inertia reaction, or kinetic
reaction of the water,

Thus, with reverse irony, the phenomenon of secondary res-
onance, which before seemed to be only detrimental, now appears

as a useful tool in stabilization by tanks., A stabilizer mak-

ing use of this principle can produce torques just as fast as

WV
"‘-’&4:-" “s 'u._

the blade angle can be positioned. Its speed of response is
on a par or better with fins or any other known stabilizing

device. This interpretation and use of secondary resonance

is one of the important results of the research at Stanford.
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+180°
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Figure 18. Nyquist Diagrams for the main tank and the helping
tank in a diversified tenk system.
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Pigure 19, Nyquist Diagram, showing how the helping tank shifts
the overall G locus into the right hand plane at high

frequencies,
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The full effect of improving the high-frequency end of
the locus cannot be realized, until an equivalent improvement
is undertaken at the low-frequency end of the lucus, as the
low=-frequency response now limits the gain. This improvement
mast be done by the use of further controls and hence is dis-
cussed in the next chapter. A stabilization curve will not be
drawn here for this case, but will be shown when the low-fre-

quency response is improved.,

D. Summary

Single Tank System: The results of the study of the single

tank system may be summarized as follows. There are four
critical parameters: Qt,‘xt,SX%, and N1.4. Q4 should be as
low as possible, say about 0.2 = O.l. /)t can be as low as 4
practical limitations permit, probably not less than 0.1l0. Jﬁ.t ,
should be close to 1.0, if anything a little above, say 1l.30.

st
ing something like 3.0.

LL_. should be as high as it is practical to make it, approach- v

Note that a single tank system with "secondary resonance"
at a finite frequency actually stabilizes the high frequencies
better than one with "secondary resonance" at infinity. This
is an important observation, for it makes it at least plausible

that this secondary resonance effect, though disadvantageous

in a single tank system, might actually be advantageous in %

some diversified tank system. And this we found to be the case.
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Diversified Tank Systems: Two diversified tanks systems

have been examined. Because of the already low Qt of the best
single tank system, "stagger-tuning”™ proved to be of little
advantage. The gain in effectiveness certainly would not
Justify the added complexity. On the other hand, significant )
performance improvement may be achieved using a single tank L
with secondary resonance null filled in by a helping tank. 1In
this.case the theoretical high-frequency loop-transfer locus i
was made to lie wholly within the right hand plane. This indi- :

cates that the system has a superior high-frequency response.

In physical terms, inertia reaction in the main tank takes '
care of the very-high-frequency region, the helping tank takes

care of the secondary resonance null, and displaced water in

the main tank takes care of frequencies below the secondary
resonance region,

Notice that direct acceleration control was used on the
helping tank. The principal locus could be shifted even fur-
ther to the right by using a more sophisticated control for

the helping tank, but acceleration only control illustrates g

the point sufficiently well. Actually, a U-tube tank, while

it does the Job, i1s not necessarily the ideal helping device f
in this situation. Some other type of tank or even perhaps :
small gyros might better be used as the helping agent. )
It is interesting, that the high performance of this 3

»

double tank system does not depend on a special principle

...........
..............................................................
--------------- N ‘... -'}~'..\..\-.~': <

-
AlAlAcal so el




i

xe:)

‘{f{:f.f which could only apply to U-tube tanks, but on the general
B!! ideas of displacement of mass and acceleration of mass. Work-
;%:¥ ing with these ideas is a very powerful way to approach stubi-
E?% lizer design. Stabilizing devices may be classified and

studied according to the basic nature of the torques they pro-
duce and the energy they store. It is already possible to
visualize systems which might perform the functions of this
double tank system in a simpler and even more efficient manner.
Such studies are to form a part of the next year's work at

Stanford, and so will not be discussed further here.
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IV. FREQUENCY-RESPONSE APPROACH TO CONTROL DESIGN

..
[V,
.‘.

Having considered regulated elements, attention may now j;

i

I
A4, 4

be turned to the design of high-performance regulating ele--

ments. The prcblem is to find those control elements and o

0y
“(l_ .

control arrangements which lead to the most effective perfor-

LA, Jer )

G
g- i ..l ..x ‘: L

mance., A standard ship-tank arrangement is used for the

/

majority of cases treated in this chapter, although certain

n g
E{ questions will require that a special tank form be used with

L-_':J

= the control system being discussed. The standard ship-tank

arrangement will be a single tank system with.ﬂ-st = infinity.

As before, we will use the frequency-response approach

and the Nyquist diagram. We will follow the same step-by-step

HRUSLRD LR XA RIA -
l_' l.- '-‘ .n. '-. .'_a‘.'_o.‘ ‘.'_..' . n.' R . "-

process, except that in this case the control block transfer-
respor-e, A, 1s to be varied, while the ship-tank responses,
o B anu C, are held relatively constant, e
]

Four more or less distinet control problems are discussed

N

O in the following sections: (a) the use of position and veloc-
W

e ity to augment the acceleration controlj (b) the problem of
LS control lagj (c) the use of "lead" circuitsj and (d) the use
.l',!:‘

5 of open=-cycle control or "feedahead”". Hence this discussion
N parallels the pattern established in Part A.
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A. Position and Velocity as Complementary Controls

The use of position and velocity signals to augment the
primary acceleration control signal has been mentioned in
Part A. These signals are in a sense integrals of accelera-
tion and therefore should tend to improve the low-frequency
response of the system just as "derivatives™ improve the high-

frequency response. Further integrals such as integrated posi-

tion could conceivably be used, but they do not seem justified

at thls time and are not discussed here.

We will first discuss the use of these augmenting signals

on a single tank system, and secondly discuss their use on a

diversified tank system, where they will be found to produce

an especially effective performance.

Position Signal Aid on a Single Tank System: Acceleration

. only control gives no stabilization at all at zero frequency.
Hence a logical move, is to add a moderate am.unt of positicn
signal (into the pump-blade angle control) to correct this
inadequacy. It can be shown that both signals should have the
same sense, meaning that a positive position signal should add
arithmetically to a positive acceleration signal. Thus the

control transfer-response, A, has the following form,

1=%=K (P° + k)

For steady-state sinusoidal oscillation we will find iy

that the position signal dominates at low frequencies, the

2 - 27 -
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acceleration signal dominates at moderate and high frequencies,
but at some intermediate frequency (namelyfl:rvk? ) the two

signals exactly cancel! It is not wholly coincidence that

this effect, at low frequencies, is symmetrically analcgous to
the secondary resonance effect at high frequencies. The Ny-
quist diagrams (see Curve #1) in Figures 20 and 21 show this
analogy clearly when compared to the preceding Figures 1% and
15, The stabilized response for this case is shown in Figure
22, The null between position and acceleration control is
obviously undesirable, and by analogy to the "helping" tank
a "helping™ control signal is indicated to fill in this null.
The logical control signal for this purpose is velocity.
Position and Velocity Signal Aid on a Single Tank: It can

be shown that all these signals should have the same sense,

Hence, for A we have,

ok 2
A=%=K (P +k1P+k2)

®IQ

Figures 20 and 21 (Curve #2) show how the addition of velocity
control shifts the low-frequency end of the loop-transfer

locus to the right, exactly as the "helping" tank shifted the i;
high-frequency end of the locus to the right! The stabilized

respoiise for this case is shown in Figure 23. Analogously to

the double tank with acceleration only control, the maximum !3
gain is limited by the unimproved end of the locus, and so i

the complete effect of this improvement cannot be realized.,
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In order for maximum effectiveness to be realized, it is

-
F;! necessary to use at one and the same time, the improvement
r;g gained at low-=frequencies by the added control signals, and y
;Sg the improvement gained at high-frequencies by the helping iﬁ
.lﬂ ’ tank. i?

Position and Velocity Signal Aid on Diversified Tanks @

*; In this case we use acceleration plus velocity plus position

signal control on the last-discussed double tank system. Thus

a the loop-transfer locus, K G, 1s given by,

" 2
KGzAxB=K(P +IkP+k) (B +0.2B,)

This loop-transfer locus is plotted in Figures 2%, 25,
I and 26, It is seen that the locus now lies completely in

the right hand plane, a most desirab’e state of affairs. With
this locus it would be possible, in fact, to make the loop gain
infinite, and hence the stabilization perfect, without exceed-
ing the magnification ratio of 1l.3. In practice, however, the
'2 completely ideal controls assumed here are not realizable. The
high-frequency response will eventually drop off due to defic-
iencies in the control, i.e, due to the inability of the con-

% Nt
P cld
'

7 L Cptei, ¥ L

AR

Py Te

trols to shift the pump-blade angle without lag at very high
frequencies. The important point to note, is that the burden

a

of lag has been transferred from the relatively unwieldly

regulated elements to the more flexible and versatile controls!
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Figure 24, Nyquist Diagram - G locus for a double tank with position

and velocity control added.
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Figure 25, Nyquist Diagram - G locus for double tank with position

and velocity control added.,
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At low frequencies the controls can be considered ideal
without violence to the physical facts, so this end of the locus i
1s reliable. While the control action must eventually fall off :
as frequency is increased, the critical frequencies of the con- :
trol system should be well beyond the ship's natural frequency, i
perhaps 5-10 times the ship's natural frequency. As discussed
in Part A, the high-frequency control response problem does not
seem excessively difficult in the case of ship stabilization, )

A locus such as that in Figure 26 does not provide a mag- :
nification ratio criterion by which to set the gain. The gain

- v s
.

could be set analytically, only by further specification of

the non-idealness of the control system. Such specification

A RS

lies beyond the scope of this report. The gain has arbitrarily

been assumed to be four times the maximum allowable gain for the

single tank system, which seems to be a reasonable engineering h
estimate. The somewhat startling result is shown in Figure 27, 1
If one remembers that most of the rolling of the ship is reso- I
nance rolling, and so larger than the waveslope, the stabili- ;
zation curve in Figure 27 is seen to represent something in

the order of 95% reduction of "average"” rolling. This means b
that for maximum effective waveslopes of 6-10 degrees, the
ship's roll would be held to something like one degree, assum-
ing, of course, that the capacity of the system was not ex-

ceeded. -
.-
~
“
)
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With this last result, the assumption of ideal controls
has clearly reached the 1limit of its usefulness. It would be
unprofitable to carry the quantitative treatments in this
chapter further toward the optimum without a more specific
definition of the controls., As mentioned above, such specifi-
cation, with a consequent loss of generality, lies outside the
proper scope of this report.

Let us review what has been accomplished up to this point.
By Jjudicious use of tanks and controls the all-important loop-

transfer response, K G(jn.), has been converted from a narrow

bandpass" response (for the single tank system with high Qt)

to an "allpass™ response (for diversified tanks with aided con-

trol). That is, the loop-transfer response is "allpass" for
ideal controls, It would naturally be a "lowpass" response in
the case of non-ideal controls, but a lowpass response whose

cutoff is wholly in the controls, and not in the regulated

elements! This "lowpass™ problem resembles the usual servo
problem and its treatment in terms of frequency-response meth-
ods is straightforward.

Having now designed a locus whose cutoff depends only
on control lags it 1s fitting to illustrate what can happen
if the controls are allowed to introduce excessive lag into
the system. It should be noted that, in principle, it seems
possible to build quite adequate controls for this system,
but that in practice it is not at all difficult to build con-

trols with very unsatisfactory characteristics.
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B, Control Lags: Thelr Origin and Their Effect

As this project has not included work on the actual devel-
opment of optimum controls, what is said here is intended to
be of a qualitative and general nature, and to represent what
may reasonably be inferred from the known state of the control
and instrumentation art.

For ship stabilization, the assumption of ideal controls
1s sufficiently valid over the low and middle frequencies. The
approximation will inevitably break down as the frequency
becomes relatively high., As the frequency becomes higher and
higher, the pump-blade angle will first lag behind the control
signals and eventually fall to follow them altogether. Thus
we speak of high-frequency lags, and of high-frequency "cutoff",
Let us consider where, why, and when, such lag will occurj and

what the general effect on performance will be.,

Three Sub-Blocks in the Control System: As the control
block has been defined in this report it includes all elements

interposed between the ship's angle of roll and the pump=-blade

angle. This control block can be broken into three- sub-blocks,
each with a different function and nature: (1) the sensitive
elements or detecting elementss (2) the control amplifier or
computing elements and (3) the positioning motor or output
element, The functional relationship of these control blocks

is shown in Figure 28a,
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Lag in the Sensitive Elements: A control action based on

acceleration plus velocity and position signils has been de-
scribed in the preceding paragraphs., These signals can best be

" obtained by direct measurement. The three instruments required,
would in all probability be an angular accelerometer, a veloc-
ity gyroscope, and a position gyroscope -- at least these will
serve for the argument.

All of these instruments tend to give ideai (no lag) re-
sponse as frequency approaches zero, but to lag at high frequen-
cles. By the nature of the control action, however, it 1s not
necessary that the position and velocity signals "hold up® into
the high-frequency range. Clearly, the position and velocity
signals need only ®hold up”® until the accelerometer signal has
become the predominant signal. As the accelerometer should be
the predominant signal at the ship's natural frequency and above,
the position and velocity signals are only required to approxi-
mate the ideal in the range of frequencies 0 - 0.15 cycles/sec-
ond. This 1is not a severe requirement, hence the position and
velocity instruments can be considered ideal to all intents
and purposes, insofar as thelr frequency response is concerned.

The accelerometer, which provides the predominant control
signal above the ship's own frequency, should have a flat re-
sponse well into the high-frequency range. Considering the
present state of the art of accelerometer design, this again 1is

not a severe requirement, and the accelerometer can be consid-

ered lag-free,
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Lag in the Control Amplifier: If an electronic amplifier

is used as in the model system at Stanford, its response can be
considered lag-free. "Differentiators" cannot, of course, pro-
duce ideal derivatives, but the less ambitious "lead" and "lag"
circuits can generally be expected to give their designed re-
sponse over the desired frequency range.9 Whether electronic or
otherwise, the elements of the control amplifier will generally
be lighter, faster acting, and hence considerably more free from
lag, than the elements of the positioning motor which are called
upon to expend a fair amount of power.

Lag in the Positioning Motor: As defined here, the posi-

tioning motor includes all those elements which take part in
converting the output of the control amplifier into the angle
of the pump blade. For example, the positioning motor might be
a two-stage hydraulic stroke-amplifier, as in the Denny-Brown
fin control system. In the model system, the positioning motor
consists of a small two-phase servomotor in series with a hy-
draulic stroke-amplifier. The small servomotor unfortunately
has more lag than any other element in the whole control system,
This need not be the case in future practice. The principal
lag of the control system should be expected to reside in the
final power element, i.e. the final blade-angle-positioning
device. It further appears that even this lag should not be

9 See Brown and Campbell Srinciple of Servomechanisms, Chap-
ter 7, for a discussion o} ifferentiators versus lead and lag
circuits. This chapter i1s concerned with the whole problem of

G function synthesis.
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serious until one reaches frequencies of 5-10 times the ship's

natural frequency.

Fictitious Exampic¢ of Control Lag: The discussion above

seems to indicate that the inherent limitations on control re-
sponse are not unusually severe in ship stabilization by tanks.
One should not underestimate the difficulty of the control de-
sign problem, however. It requires not only the best possible
components, but a very nice balancing o1 their sensitivities,
ranges, and responses. Each element must be almost tailor-made
to fit its particular function, for the old adage "a chain is
no stronger than its weakest 1link"™ applies here with double
emphasis,

Figure 28 shows the very real deterioration in performance
due to excessive lag., This 1is only a slight exaggeration of the
conditicns existing in the l2-year-old model system at Stanford.
For this example, the two-phase servomotor is assumed to be
contributing the important lag (as in the model), and to have
the following overall reSponsezlo

where,

in out out 1 w
——| 8M » 3 In T Tp.p2 ¢t P=in= -
0 1+(x) +(3) s

18

v
.

Overall Response of Servomotor

-S40
P

A

10 Servomotors and thelr response are discussed in any standard
servo text. For example see Chapter 2, page 45, in Brown and
Campbell, Principles of Servomechanisms.
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= C. Uses of Leac Ciruults

~ £

Lead circuits are the physically realizable counterpart of

wride

Q

the non-realizable differentiator, Their functizen s to pr

rhase lead in the rontrol cciiony #rnd whils they —annt® w:ovide
pure derivatives, they may provide the equivalent of derlitative
control over a certain renge of frequencics, They on! rnelr

cpposites, the lag circuits, are ofter thought of as devices by

1-%

/alrh one moy chape the lacp-transi’er locus Ints aore des:irable

“orme They ore ireated e consively Iin the literot g, L€ v

aAzve mada prefererncc *n Jeyd drppits 2 number 20 25 o) I
e werthwhile to 1lluste.  several ways in shich they rreht he

empleyed in this problam,

=3

Lead Circults to Reduse th: Tffect of Lags Lead circui‘s

are often used to reduce the effect of high frequencv lagz Luln

2s was discussed in *he preceding sention., Jurve 47 in Pigurs

o
ty

28 shows the use of a zimpls series lecad circuit to redn:e *he
effect of the gross lag in the *two-phase servomotor., Natnw-

ally one cannot expect perfection 1in the presence of su~h lag,

but the improvement i1s marked., The series l2ad circuit was

L used in the following way,
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Control Block

Series Lead Circuit Compensating Two-Phase Servomotor
<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>